Objective: To investigate the relationship of percent body fat (%fat), assessed by dual energy-X-ray absorptiometry (DXA) or a four-compartment model, with upper body and lower limb skinfolds. Design: Cross-sectional design involving forward stepwise and hierarchical multiple regression analyses to assess the relationship of %fat with skinfolds and a combination of four commonly used upper body skinfolds (biceps, triceps, subscapular and iliac crest) with the calf and thigh skinfolds. Setting: University research laboratory. Subjects: In all, 31 females, mean age 20.9 (72.0) y, and 21 males, mean age 22.3 (75.5) y volunteered for this study, which was approved by the Ethics Committee of the School of Sport, Health and Exercise Sciences, University of Wales, Bangor. Measurements: %fat from DXA in both groups, and %fat from a four-compartment (water, bone mineral mass, fat and residual) model (%fat4C) in females only. Skinfolds were measured at the abdomen, iliac crest, biceps, triceps, subscapular, calf and thigh. Results: All skinfolds were positively associated with DXA estimates of %fat (Po0.01). In males and females, the thigh skinfold had the highest correlation with %fat. This was also observed when %fat4C was used as the criterion in females. Stepwise multiple regression analysis using %fatDXA as the criterion selected the thigh (R 2 ¼ 0.82), calf (R 2 change 0.04) and iliac crest (R 2 change ¼ 0.03) for females, and the thigh (R 2 ¼ 0.79), iliac crest (R 2 change ¼ 0.11) and abdomen (R 2 change ¼ 0.03) for males (all Po0.01). When %fat4C was used as the criterion in the females, only the thigh was selected as a significant predictor (R 2 ¼ 0.76). Independent prediction factors were created from the sum of biceps, triceps, subscapular and iliac crest ( P 4skf) and from the sum of the thigh and calf ( P thigh þ calf). These factors were then entered into a hierarchical multiple linear regression analysis to predict percent fat. Order of entry was varied to allow the assessment of unique variance accounted for by each predictor. The sum of the thigh and calf explained more variance in %fatDXA than that explained by the P 4skf alone, irrespective of the order of entry in both males and females. This was also observed when %fat4C was used as the criterion in the females.
Introduction
One of the most common indirect methods of assessing body fat is the skinfold calliper method. It is based on the idea that a representative measure of subcutaneous adipose tissue layer, the greatest depot of body fat, might provide a reasonable estimate of total body fat. The method is traditionally founded on the hydrodensitometric model, which partitions the body into two compartments of constant densities. In this model, fat mass is assumed to be 0.9007 g/cm 3 and fat-free mass is assumed to be a value within the range of 1.063-1.113 g/cm 3 . The latter value is dependent on age, gender and race (Going, 1996; Heyward & Stolarczyk, 1996; Hawes & Martin, 2001 ). The method also assumes that the relative amounts of the fat-free mass components (water, protein, bone mineral and nonbone mineral) are fixed (Brožek et al, 1963) .
In the skinfold calliper method, skinfold thicknesses are measured at specific sites on the body. These measures may be summed or entered independently into any one of a large number of published equations to provide an estimate of body density and/or percent body fat in a variety of populations. One of the most commonly used and widely accepted skinfold equations for assessing body composition (percentage body fat and fat-free mass) in many university laboratories and centres accredited by the British Association of Sport and Exercise Sciences (BASES) in the UK is the formula of Durnin and Womersley (1974) . This formula uses the logarithmic sum of four upper body sites (biceps, triceps, subscapular and the iliac crest). Their seminal study is credited with the idea of introducing a 'generalized' equation to predict body composition based on a simple and convenient skinfold method.
Since the publication of their study, a number of studies have reported that skinfolds or measures of adipose tissue thicknesses from the lower limb, both independently or in combination with selected upper body skinfolds, can account for a significant proportion of variance in total body fat. This has been observed using a variety of criterion methods, for example, hydrodensitometry (in adults- Jackson & Pollock, 1978; Jackson et al, 1980; Eston et al, 1995; in children-Slaughter et al, 1988; Eston & Powell, 2003) ; cadaver dissection (Martin et al, 1985; Clarys et al, 1987) , ultrasound (Eston et al, 1994) ; dual energy X-ray absorptiometry (Stewart & Hannan, 2000) and a four compartment model of body composition (van der Ploeg et al, 2003) . The correlation between subcutaneous abdominal adipose tissue volume and thigh fat volume (assessed by magnetic resonance imaging) is also reported to be greater than the corresponding correlation for the sum of the biceps, triceps, subscapular and iliac crest (Eliakim et al, 1997) . The importance of including the thigh and calf skinfolds to improve the estimation of body fat in adults has led to previous comment and discussion (Durnin, 1997; Stewart & Eston, 1997; Eston, 2003) .
On the basis of the potential importance of the thigh skinfold as a predictor of total body fat, the steering group of the British Olympic Association (BOA. Reilly et al, 1996) recommended that the anterior thigh skinfold should be included with the sum of the four skinfolds used in the equation of Durnin and Womersley (1974) to provide a more valid estimate of body fat in fit and healthy adults. The recommendation by the BOA was to provide an overall and absolute measure of subcutaneous fatness in mm. Although there was no empirical evidence at the time to indicate that the sum of these five skinfolds was the optimal combination to assess total body fat, it is reasonable to assume that it would provide a better overall indication of total subcutaneous fat and improve the estimate of body composition, from that indicated by the sum of the four upper body skinfolds alone.
Dual energy-X-ray absorptiometry (DXA) is accepted as one of the most valid methods of body composition analysis (Prior et al, 1997; Kohrt, 1998) . It allows for a rapid, noninvasive estimation of body fat with minimal radiation exposure (van der Ploeg et al, 2003) and has the advantage of a three-compartment model of body composition that quantifies fat, soft lean tissue and bone mineral. DXA has been validated against various multicompartment models in young (Prior et al, 1997; Clasey et al, 1999) , old (Clasey et al, 1999) and a wide age range of healthy sedentary individuals (Gallagher et al, 2000) . Nevertheless, the validity of the method has remained subject to question, particularly with regard to concerns over tissue thickness and hydration levels (Laskey et al, 1992; Jebb et al, 1995; Pietrobelli et al, 1996 Pietrobelli et al, , 1998 Wang et al, 1998; van der Ploeg et al, 2003) , which will vary between individuals and groups of subjects.
The purposes of this study were two-fold: (a) to assess which skinfolds best predicted body fat in young men and women, and (b) to determine if the thigh and calf skinfolds explained further variance in body fat above that already accounted for by the sum of four upper body skinfolds ( P 4skf, Durnin & Womersley, 1974) . In both cases, the percentage fat calculated by the DXA method was used as the criterion. It was hypothesized that the thigh and calf skinfolds would be the best, or among the best predictors of percent body fat in both groups. It was further hypothesized that, using a hierarchical multiple regression analysis model, the thigh or calf skinfold, entered separately or in combination with the sum of four skinfolds, would explain more variance in percent body fat than the sum of four upper body skinfolds alone. Due to the potential limitations of the validity of the DXA method, which has been identified in certain populations, a four-compartment model of body composition (water, bone mineral mass, fat mass and residual) was also used as the criterion in the women's group.
Subjects and methods
In total, 52 healthy, fit and active Caucasian men and women (31 women, age 20.972.0 y and 21 men, age 22.375.5 y) provided informed consent to participate in the study, which was approved by the Ethics Committee of the School of Sport, Health and Exercise Sciences, University of Wales, Bangor. All measurements were conducted on the same day for each subject.
Measurements on all subjects DXA scan. The participant reported to the DXA laboratory where they completed a consent form and changed into shorts and vest. Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer and total mass was measured to the nearest 0.1 kg on beam-balance scales. Subjects were requested to eat and drink minimally for 2 h prior to the testing procedures. For women, an additional informed consent form was completed immediately prior to the scan to confirm that there was no possibility of pregnancy. All jewellery was removed. Subjects then lay on the DXA scanner bed (Hologic, QDR-1500, Bedford, MA, USA) and were positioned within the scanning area in a supine position with the arms positioned and pronated to the side of the body, fingers and toes pointed and ankles fastened together with a Velcro belt to ensure standard positioning. Once positioned, subjects were instructed to remain as still as possible for the duration of the scan. The %fat values (Enhanced Whole Body Software, v5.73) from the DXA scan were used as the criterion value of body fat. Lohman (1996) has reported that the precision error of total body composition assessments, obtained by repeated scans of subjects, produces intraindividual standard deviations of about 1% for percent fat, which is comparable to the precision error of other methods (eg, body density and bioelectrical impedance).
Skinfold measurements
Skinfold measurements to the nearest 0.2 mm were taken with precalibrated steel callipers (Holtain, Crosswell, Crymych, UK) at the triceps, biceps, subscapular, iliac crest, abdominal, anterior thigh and medial calf as described by Hawes and Martin (2001) . With the exception of the abdominal skinfold site (measured at 2 mm and not 5 mm from the umbilicus), these procedures are in accordance with the recommendations of the International Society for the Advancement of Kinanthropometry (ISAK). The mean of two measurements was used if they differed by o10%. Otherwise, a third measurement was taken and the median was used in the data analysis. Measurements were recorded by an anthropometrist who was certificated (ISAK Level III), or by a trained investigator. The intraclass correlations (ICC) and technical error of measurement (TEM) for skinfolds were Z0.995 and r4.0% in all cases.
Fat patterning
The ratios of skinfolds from central and peripheral sites were computed to ascertain if there were differences in fat distribution between the men and women in this study.
This was considered important as the age range in the male sample was greater, and it was of interest to determine if age exerted a centralizing effect on fat distribution, which is usually more pronounced in men than in women (Stewart, 2003) . The extent of fat centralization was therefore computed by the ratio of the subscapular (S) to triceps skinfolds (Tr) (Malina, 1996) and the ratio of trunk (T) to extremity (E) skinfolds ( P subscapular, iliac crest, abdominal (T):
P triceps, biceps, medial calf (E); (Malina & Bouchard, 1988) ).
Additional measurements to assess body composition by the 4C model (women only) (i) Bioelectrical impedance analysis: Total body water (TBW) was estimated using a Xitron 4200 (San Diego, CA, USA) multifrequency impedance analyser. After DXA scanning the participant remained supine and their skin prepared at the left wrist and ankle using medical cleaning swabs. Disposable adhesive electrodes (Xitron IS4000) were attached to the dorsal surface of the hand (metacarpal-phalangeal joints), wrist (prominent distal ends of the radius and ulna), dorsal surface of foot (metatarsal-phalangeal joints) and ankle (medial and lateral malleoli) in accordance with the Xitron manual version 1.02. At both locations the black currentinjection lead was connected to the distal electrode and the red voltage-detector lead to the proximal electrode. The participant's sex, stature and mass were entered and the single measurement, whole-body wrist-ankle, ICF-ECF mode selected. An electrical current of 500 mA was passed through the body at frequencies ranging from 5 to 1000 kHz to determine intracellular and extracellular fluid in litres. The validity of assessing total body water by multifrequency models of bioelectrical impedance analysis has been reported previously (De Lorenzo et al, 1997; Gudivaka et al, 1999) . In the former study, use of the same methodology and equipment resulted in correlations of r ¼ 0.95, with a standard error of estimate of 1.33 l for predicting total body water assessed by deuterium dilution.
(ii) Hydrodensitometry: Whole body density was measured by underwater weighing (Hawes & Martin, 2001 ). Corrections were made for water density, seat weight and residual volume. Residual volume was assessed by the oxygen rebreathing method (Wilmore et al, 1980) in the seated position outside of the tank following the measurement of whole body density.
(iii) Bone mineral content: Total bone mineral content was reported by DXA in grams. The DXA value for bone mineral represents ashed bone (Wahner et al, 1985) that is approximately 0.9582 of bone mineral (Méndez et al, 1960) . A multiplier of 1.0436 was therefore applied to the DXA 'ashed' bone mineral value (Heymsfield et al, 1989 (Heymsfield et al, , 1990 Withers et al, 1998) to convert it to bone mineral mass. Quality assurance was performed daily by scanning a spine phantom supplied by the manufacturer. The in vivo precision error of DXA in our laboratory, expressed as the coefficient of variation is o1.00%.
(iv) Criterion body fat percentage measurement: A fourcompartment model of body composition was used as a further criterion value of body fat in women. The derivation and formula for the four-compartment model of body composition has been described in detail by Withers et al (1998) . This model uses the measurements of whole body density, bone mineral mass and total body water. In our study, total body water was estimated by bioelectrical impedance analysis to estimate percent fat. The formula is:
%BF4C ¼ð251:3=BDÞ À 73:9ÂðTBW=body massÞ þ 94:7ÂðBMM=body massÞ À 179:0 where: BD is the body density, TBW the total body water (l) and BMM the bone mineral mass (kg).
Statistical methods
To assess which combination of factors best predicted body fat in this group of young men and women, all skinfolds, gender, age, height and mass were made available in a forward stepwise multiple regression analysis to assess the individual and multiple relationships with %fatDXA. This analysis was repeated by gender.
To determine how much variance in %fatDXA was accounted for by the addition of the lower limb skinfolds, the P 4skf was treated as a single independent factor and the thigh, calf, or the combined sum of the thigh and calf were entered independently using a hierarchical multiple regression analysis. In this analysis, the order of entry of the P 4skf, and the various combinations of the lower limb skinfolds were alternated to assess their individual contributions to the variance in %fatDXA, over and above the contribution of the other variables. This was completed independently for men and women. A similar analysis was also conducted using the %fat4C as the criterion variable for the women's group. In all analyses the level of statistical significance was set at 0.05. Prior to conducting each multiple regression analysis, the assumptions of normality and homoscedasticity of the criterion and predictor variables were confirmed.
Results
Descriptive statistics for age, height, mass, Quetelet's Index (BMI), skinfolds and body composition are shown for each group in Table 1 . Normal distribution of BMI, %fatDXA, P 4skf, all individual skinfolds and trunk to extremity ratios for both male and female samples, and for %fat4C for the women's group, was confirmed by analysis of P-P Plots.
Correlation analysis
The relationship between BMI and %fatDXA was similar in the male and female groups, with rs of 0.60 and 0.61, respectively (Po0.005). All skinfolds were also significantly (Po0.001) positively correlated with %fatDXA in both groups, and with %fat4C for the women's group. The three skinfolds with the highest correlations with %fatDXA were the thigh (0.889), iliac crest (0.851) and abdomen (0.816) for the men and the thigh (0.904), calf (0.887) and biceps (0.841) for the women. In the women's group, the skinfolds with the highest correlations with the four-compartment model of body fat (%fat4C) were the thigh (0.874), calf (0.843) and iliac crest (0.740). The correlation between %fatDXA and %fat4C was also highly significant (r ¼ 0.912), although the mean value for %fatDXA was slightly but significantly higher (1.4%, t 31 ¼ 3.13, Po0.01). The extent of fat centralization, as indicated by the ratio of the subscapular to triceps skinfolds (S/Tr) was significantly higher in men (1.1870.37, range 0.56-2.08) compared to women (0.8170.18, range 0.42-1.21; t 50 ¼ 4.21, Po0.001). Similarly, the ratio of trunk to extremity skinfolds (T/E) also depicted greater fat centralization in men (1.5170.42, range 0.97-2.61) compared to women (1.1670.21, range 0.86-1.67, t 50 ¼ 3.55, Po0.001). There was also a significant positive relationship between age and fat centralization in the men's group (S/Tr r ¼ 0.634, T/E r¼ 0.583, Po0.005). There was no relationship between age and fat centralisation in the women's group (S/Tr r ¼ 0.084, T/E r ¼ À0.139, NS). Given the apparent effect of age on fat centralization in the men's group, it was considered prudent to recompute the correlations for %fatDXA and each skinfold, controlling for the effects of age. The findings were very similar to the original analysis. The three skinfolds with the highest partial correlations with %fatDXA in the men's group were the thigh (0.886), iliac crest (0.847) and abdomen (0.803).
Forward stepwise regression analysis
When all factors were made available in a forward stepwise regression analysis, the thigh, calf, iliac crest and gender were selected as significant prediction factors (Table 2) . This confirmed the importance of lower limb skinfolds for predicting %fat in young healthy men and women. When analysed by gender the following results were observed:
Women: In the women's group, the thigh, calf and iliac crest were selected as the best individual predictors of % body fat, respectively. The thigh accounted for 82% of the variance in %fatDXA (Po0.001). The additional variance explained by the calf and iliac crest was 4% (Po0.01) and 3% (Po0.05), respectively. When the same analysis was conducted using the %fat4C as the criterion, only the thigh was selected as a significant predictor variable, explaining 76% of the variance in percent body fat (Po0.001).
Men: For the men's group, the thigh and iliac crest were selected as the best individual predictors of %fatDXA, respectively. The thigh accounted for 79% of the variance in %fatDXA (Po0.001). The iliac crest explained a further 9% (Po0.05).
Hierarchical regression analysis
Women: For the women's group, the thigh explained an additional 11% of the variance in %fatDXA (Po0.001) to the 75% explained by the P 4skf. When the order of the two variables was alternated, the P 4skf only explained an additional 4% variance (Po0.01) to the 82% explained by the thigh. Similarly, the calf accounted for more variance in %fatDXA than P 4skf when entered as the first (79 cf. 75%) or second (10 cf. 6%) predictor variable. The same pattern was observed when the P calf þ thigh was used as a predictor variable with P 4skf. The combination of P 4skf and P calf þ thigh explained the most variance in %fatDXA (88%) and was associated with the lowest standard error of prediction (72.1%). Similar results were observed when the four-compartment model of Withers et al (1998) was used as the criterion. However, it is notable that in each case, when the P 4skf was entered as the second prediction factor, it accounted for no significant further variance in %fat4C.
Men: In the men's group, the thigh explained an additional 17% (Po0.001) of the variance in %fatDXA to the 67% explained by the P 4skf. When the order of entry of the two variables was alternated, the P 4skf only explained an additional 5% (Po0.05) to the 79% explained by the thigh. As for the women, the same pattern was observed when the P calf þ thigh and the P 4skf were used as predictor variables, with this combination explaining the most variance in %fatDXA (87%) and resulting in the lowest s.e.e. (1.9%).
Discussion
The results of this study indicate that lower limb skinfolds are more highly related to percentage body fat measures than upper body skinfolds in fit and healthy young men and women. They also indicate that the prediction of percent body fat is improved when the thigh, calf, or sum of the thigh and calf skinfolds are included with the four upper body skinfolds, as used in the widely used method of Durnin and Womersley (1974) . This observation remains intact despite the greater range of age and BMI and the tendency toward fat centralisation in the men's group in the current study.
Limited confirmation of the validity of the relationships between skinfolds and percent body fat, are provided in the women's sample by the use of the four compartment model of body composition described by Withers et al (1998) . This model uses the measurements of whole body density, bone mineral mass and total body water. An interclass correlation coefficient of 0.912 and s.e.e. of 2.4% body fat were obtained for the relationship between the 4C model and DXA %fat in our study, although a dependent t-test revealed a significant difference of 1.4% between the two methods. These results are impressive, but not as good as those of van der Ploeg et al (2003) , who reported r and SEE values of 0.952 and 1.6%, respectively. Although there are differences in the samples used in these two studies-the mean age and age range of the women's group was considerably higher, and the mean BMI was almost 3 units lower in the former study-the difference in the precision accuracy of the four-compartment model of assessing body composition in the current study should be viewed with some caution. Bioelectrical impedance is a secondary and inferior method of assessing total body water compared with isotopic dilution, which has an accuracy of within 1-1.5% (Schoeller, 1996) . Thus, the predicted value for total body water from the BIA method in the current study may have compromised the accuracy of the equation for predicting percent fat from the four-compartment model. Table 2 . These results concur with data from previous studies which have shown strong associations between lower limb skinfolds or adipose tissue thicknesses and measurements of percentage body fat in healthy young adults (Eston et al, 1994 (Eston et al, ,1995 Stewart & Hannan, 2000; van der Ploeg et al, 2003) and healthy children and youth (Slaughter et al, 1988; Eston & Powell, 2003) . The potential importance of measures of lower limb skinfolds as predictors of total subcutaneous adipose tissue mass was also identified in the studies of Martin et al (1985) and Clarys et al (1987) , albeit the conclusions were drawn from data derived from 25 middleto old-age cadavers. Caution has been recommended when inferring the validity of such observations to living subjects (Durnin, 1997) . Nevertheless, a somewhat unexpected observation in those studies was that five of the six best predictor sites of total subcutaneous adipose tissue mass in 25 cadavers were located in the lower limb (front thigh, subpatellar, medial calf, rear thigh, forearm, medial thigh) with correlations of 0.89, 0.85, 0.84, 0.82, 0.80 and 0.76, respectively. In a subsequent analysis of seven cadavers the best predictors were front thigh, medial calf, rear thigh and supra-spinale (Clarys et al, 1987) . They concluded that their data suggested that the common sense approach of selecting sites from the important storage areas, for example, segments, and especially the legs were well founded.
It is notable that the thigh skinfold is included as one of the three skinfolds used in the commonly used generalized equations of Jackson and Pollock (1978) for men and Jackson et al (1980) for women. One of the most recent studies to observe the strong predictive properties of the lower limb skinfolds to predict %fat is the study of van der Ploeg et al (2003) . In their study, the calf and thigh skinfolds were retained as two of the three skinfolds in the best equation for predicting percent body fat from a four-compartment model in 79 young to middle-aged healthy males.
The study of Durnin and Womersley (1974) is widely regarded as the seminal study which proposed the idea of using simple, generalized skinfold equations to predict body density and hence percent body fat. However, the rationale for selecting the four upper body skinfolds is not indicated in either of the two studies from which the protocol was adopted (Durnin & Rahaman, 1967; Durnin & Womersley, 1974) . While the current study provides some confirmation of the validity of the sum of four upper body skinfolds ( P 4skf, biceps, triceps, subscapular and iliac crest) to predict percent fat estimated from a three-compartment model (DXA) and four-compartment model, it also demonstrates quite markedly that lower limb skinfolds were not only the best independent predictors of percent fat, they also added significantly to the percentage body fat explained by P 4skf in this group of young, healthy men and women. Although it has been acknowledged that the anterior thigh skinfold is perhaps one of the most difficult and least convenient sites to measure in some individuals (Norton, 1996; Durnin, 1997; Eston, 2003) , the evidence suggests that it is one of the best surface anthropometric predictors of body composition. Given the relatively small numbers per independent variable, the intent of this study was to confirm the importance of lower limb skinfolds for estimating total body fat, rather than produce generalizable equations for predicting percent body fat. Nevertheless, it is also notable that, even with the inclusion of this skinfold, the best equation in Table 2 (%fatDXA ¼ 4.05 þ 0.52(thigh) þ 0.32(Iliac Crest)) spans a 95% confidence interval of 7.1% for the prediction of body fat. This provides a compelling argument for the use of measured values (skinfold thicknesses) rather than percent body fat predictions from skinfolds in comparative and longitudinal studies.
The recommendation of the steering group of the British Olympic Association (Reilly et al, 1996) to include the thigh with the four upper body skinfolds of Durnin and Womersley (1974) to provide an estimate of body fatness, is upheld in this study. Although the extent to which lower limb skinfolds can provide the best predictions of body composition remains to be determined in various populations who differ in age and ethnicity, it is pertinent to assume that estimations of body fat from surface anthropometry should include skinfolds from the lower limb as well as the upper body. It is conceptually appropriate that investigators should include a range of skinfold sites across the entire body to account for biological variability in the regional distribution of body fat (van der Ploeg et al, 2003) . In the UK, the equations of Durnin and Womersley (1974) are perhaps the most widely adopted method of estimating percent body fat in adults. Rightly or wrongly, the method has become a conventional anthropometric technique for the estimation of body fat in many BASES-accredited laboratories. The evidence from the current study suggests that inclusion of the thigh and calf, or either site, in combination with the triceps, biceps, subscapular and iliac crest skinfolds, provides a significantly more accurate estimation of body fat in fit, healthy young men and women, from that predicted by the sum of the four upper body skinfolds alone.
